Abstract. The neuropharmacological mechanisms underlying the action of milbemycin oxime on the motility of Angiostrongylus cantonensis and Dirofilaria immitis were examined in vitro. In A. cantonensis, milbemycin oxime caused inhibitory effects at low concentrations of 2 lo-' g/ml, and paralysis was elicited at lo-'-l o p 6 g/ml. The paralysis was antagonized by picrotoxin and bicuculline but not by dibenamine. In addition, stimulatory effects were observed when the antibiotic was used at higher concentrations of 3-5 x 10 -g/ml, and the action was antagonized by strychnine. Both effects were also observed in the preparation contracted by eserine or pyrantel. When D. immitis was treated with milbemycin oxime at concentrations of and 3-5 x l o p 6 g/ml, only slight inhibitory and stimulatory effects, respectively, were observed. These effects were partially antagonized by picrotoxin and strychnine, respectively. These results suggest that the inhibitory and stimulatory actions of milbemycin oxime are caused through gabergic and cholinergic mechanisms in A. cantonensis and D. immitis.
l o p 6 g/ml, only slight inhibitory and stimulatory effects, respectively, were observed. These effects were partially antagonized by picrotoxin and strychnine, respectively. These results suggest that the inhibitory and stimulatory actions of milbemycin oxime are caused through gabergic and cholinergic mechanisms in A. cantonensis and D. immitis.
Milbemycin oxime is one of a series of antibiotics produced through fermentation by Streptomyces hygroscopicus subspecies aureolacrimosus (Takiguchi et al. 1980 ). The substance is a mixture of milbemycin A, oxime and milbemycin A, oxime at a 20: 80 ratio (Bater 1989) .
In vivo, superior protective activity for milbemycin oxime against Dirofilaria immitis infection has been reported in dogs and cats (Bater 1989 ; Bradley 1989 ; Blagburn et al. 1989 Blagburn et al. , 1990 ). The drug is also effective against intestinal nematodes, including Toxocaru canis, Ancylostoma caninum, and Trichuris vulpis in dogs Hendrix et al. 1990 ; Slocombe et al. 1990 ).
On the other hand, our in vitro study suggests that at different concentrations, milbemycin oxime produces inhibitory and stimulatory effects against nematodes and that this antibiotic differs from other gabergic anthelmintics, including milbemycin D and avermectins, in that it induces anticestodal and antitrematodal effects (Lee et al. 1991) . In the present study, the mechanisms underlying the inhibitory and stimulatory actions of milbemycin oxime against nematodes were examined neuropharmacologically using Angiostrongylus cantonensis, our worm model for studies on the effects of antinematodal anthelmintics (Terada et al. 1982a (Terada et al. , 1984 . We also tested D. immitis because milbemycin oxime is most useful in protecting dogs and cats against infection with this nematode.
Materials and methods
Angiostrongylus cantonensis was obtained from rats (Wistar strain) experimentally infected in our laboratory. Female worms (2.5-3.0 cm) were used as the whole-worm preparation. Dirofilaria imn~i-tis was obtained from naturally infected dogs, and the anterior preparation (2.0-2.5 cm) of female worms was used. The effects of drugs on the motility of these parasites were examined by the isotonic transducer method previously described by Terada et al. (1982a Terada et al. ( , 1984 .
The drugs used were milbemycin oxime (Sankyo), eserine salicylate, bicuculline (Sigma), strychnine sulfate, dibenamine hydrochloride (Nakarai), picrotoxin (Tokyokasei), and pyrantel tartrate (Pfizer Taito). Milbemycin oxime and bicuculline were dissolved in ethanol and dimethylsulfoxide, respectively, and added to the organ bath. At its final concentration of <0.5%, the solvent had little effect on the motility of the worm preparations. The other drugs were dissolved in a 0.9% NaCl solution, and the concentrations indicated refer to the weight of the salts.
Results

Effects of mitbemycin oxime and some neuropharmacological agents on the motility of Angiostrongylus cantonensis
Inhibitory effects were observed when milbemycin oxime at low concentrations of g/ml was applied to . The results for milbemycin D (n= 6-9) and ivermectin (n = 5-8) were taken from Terada et al. (1984 . * Not paralyzed the whole-worm preparation of A. cantonensis. Only a slight effect was observed at l o p 9 g/ml, but paralysis was elicited at 10-8-10-6 g/ml. Although the amplitude of relaxation was not always dependent on the drug concentration, the time required to cause complete paralysis was concentration-dependent, the value obtained for milbemycin oxime being B.4? 8.5 min at l o p 8 g/ml and 8.9k 1.0 min at l o p 7 g/ml (Fig. 1) .
The paralysis caused by rnilbemycin oxime at lo-' g/ ml was not reversed by washing of the preparations with Tyrode's solution for about 30 min. However, it was reversed by the addition of picrotoxin (5 x lo-' M) or bicuculline (3 x 10-' M), and the antagonistic effect produced by bicuculline was stronger than that induced by picrotoxin (Fig. 2 ). In comparison with the conspicuous antagonistic action of gabergic antagonists, little influence was observed when such a-adrenergic antagonists as dibenamine (5 x M) were added to the prepara- tion paralyzed with milbemycin oxime at g/ml (Fig. 3) .
Although eserine caused a sustained and strong contraction in the untreated preparation (Terada et al. 1982a (Terada et al. , 1984 , only a transient and slight contraction was elicited on its addition at 5 x M to the preparation paralyzed with milbemycin oxime at g/ml. However, a marked and sustained contraction was observed in the treated preparation after the combined application of eserine and picrotoxin ( 5 x M; Fig. 4a ). In the preparation contracted with pyrantel (3 x lo-' M), a similar paralyzing effect was also produced by milbemycin oxime at g/ml, and an antagonistic effect for bicuculline (3 x M) was observed as well. However, contraction was elicited by a single addition of pyrantel to the paralyzed preparation after the latter had been washed with Tyrode's solution (Fig. 4b) .
Stimulatory effects were observed when milbemycin oxime at higher concentrations such as 3-5 x g/ml was applied to the whole-worm preparation of A. cantonensis, but paralysis was caused by the addition of strychnine (10-M ; Fig. 5a ). At low and high concentrations, milbemycin oxime also caused inhibitory and stimulatory effects, respectively, in the preparation contracted by spasmogens such as eserine (lop6 M) and pyrantel (3 x M). However, strychnine M) acted Milbemycin axime 10-6 g/ml 3x10-6 g/ml 5~10.6 g/ml differently in the contracted preparation, with complete and partial paralysis being observed on its addition to the preparation treated with eserine and pyrantel, respectively (Figs. 4b, 5 b, c).
Effects of milbemycin oxime and some neuropharmacological agents on the motility of Dirofilaria immitis
As compared with the marked effects on A. cantonensis, slight inhibitory and stimulatory effects were observed when D. immitis was treated with milbemycin oxime at l o p 7 and 3-5 x g/ml, respectively. The effects were partially antagonized by the addition of picrotoxin (5 x lo-' M) and strychnine (lo-' M), respectively (Fig. 6 ).
Discussion
It is well known that in the development and use of more effective and less toxic chemotherapeutic agents, the examination and characterization of their actions in a more simple in vitro system is important (Mansour 1964; Woolhause 1979) . In particular, in vitro study is essential to an understanding of the mode and mechanisms of the direct actions of anthelmintics on parasitic worms. Thus, the present study was undertaken using o w model nematode, Angiostrongylus cantonensis. It has been suggested that the motility of this nematode may be regulated by an excitatory cholinergic mechanism and by inhibitory gabergic and a-adrenergic mechanisms in the worm's nervous system (Terada et al. 1982a (Terada et al. , b, 1984 . The mode of action of milbemycin oxime resembles that of diethylcarbamazine (DEC) and santonin in that it produces inhibitory and stimulatory effects at low and high concentrations, respectively, on nematodes including A. cantonensis and Dijilaria immitis Sano 1985, 1986; Lee et al. 1991) . Although milbemycin oxime is similar in chemical structure to avermectins and milbemycin D, only inhibitory effects have thus far been reported for the latter drugs (Terada et al. 1984 .
It has been reported that many antinematodal anthelmintics, including avermectin B,, , ivermectin, milbemycin D, piperazine, DEC, and santonin, paralyze A. cantonensis by stimulating a gabergic mechanism (Terada et al. 1984 Sano 1985, 1986) . In the present study, milbemycin oxime at low concentrations such as lo-' g/ml similarly paralyzed A. cantonensis. The paralysis was antagonized by picrotoxin (an inhibitor of chloride ionophore) and bicuculline [a y-aminobutyric acid (GABA) receptor antagonist] but not by dibenamine (an a-adrenergic antagonist). The paralyzing action of a-adrenergic agonists such as phenylephrine or cholinergic inhibitors such as strychnine is not influenced by picrotoxin but is countermanded by the specific antagonists of these drugs (Terada et al. 1984) . This suggests that milbemycin oxime affects nematodes by stimulating the release of GABA and/or enhancing the binding of GABA to its receptors in the worms as previously described for avermectins by Campbell (1985 Campbell ( , 1989 . Although the antagonistic action of picrotoxin was stronger than that of bicuculline in an A. cantonensis preparation paralyzed by avermectins (Terada et al. 1984) , the reverse situation was observed in preparations paralyzed by milbemycin D ) and milbemycin oxime. Thus, these results may show that some differences exist between avermectins and milbemycins in their sites and/or mechanisms of action. There seem to be some additional differences between the inhibitory effects of ivermectin, milbemycin D, and milbemycin oxime. Although the paralysis caused by these antibiotics was sustained in all cases, the action of milbemycin D was superior to that of ivermectin and milbemycin oxime in that a lower concentration was required to induce paralysis. However, we suggest that ivermectin and milbemycin D are more effective than milbemycin oxime in causing hyperpolarization, as the combined application of pyrantel and gabergic antagonists has caused contraction in an Angiostrongylus preparation paralyzed by ivermectin and milbemycin D (Terada et al. 1984 , whereas in the present study, only a single addition of pyrantel elicited contraction in the preparation paralyzed by milbemycin oxime.
The stimulatory action of milbemycin oxime at high concentrations was antagonized by strychnine (an inhibitor of the release of acetylcholine in nematodes; Terada et al. 1982a Terada et al. , 1984 . The inhibitor antagonizes the contraction caused by milbemycin oxime and eserine, leading to the accumulation of endogenous acetylcholine through the inhibition of cholinesterases. On the other hand, strychnine antagonizes only the additional contraction produced by milbemycin oxime in the preparation contracted by pyrantel, which directly induces worm contraction by stimulating the nicotinic receptors (Aubry et al. 1970; Terada et al. 1983 ). On the basis of these results, it seems likely that milbemycin oxime contracts nematodes by stimulating the release of acetylcholine from the cholinergic nerve endings.
In adult D. irnrnitis, two different effects were also observed at low and high concentrations of milbemycin oxime, but these effects were very slight. This finding seems to be favorable for the prophylactic activity of the drug, because adverse side effects such as thrombosis would occur if it strongly affected adult worms. As antilarval effects for milbemycin D against A. cantonensis and A. costaricensis have been detected (Terada et al. 1987) , the prophylactic activity of milbemycin oxime may be attributable to such antilarval activity as opposed to its effects against adult worms.
